a Gene transfection is an important technology for various biological applications. The exogenous DNA is commonly delivered into cells by using a strong electrical field to form transient pores in cellular membranes. However, the high voltage required in this electroporation process may cause cell damage.
Introduction
The ability to deliver nucleic acids into eukaryotic cells, a process known as transfection, has enabled a wide range of applications including gene therapy, DNA vaccines, in vitro fertilization, cancer treatment, regenerative medicine and induced pluripotent stem (iPS) cells. Currently, methods for introduced foreign nucleic acids into cells can be broadly categorized as viral methods (e.g. viral vector), 1 chemical methods (e.g. calcium phosphate method), 2, 3 and physical methods (e.g. electroporation). 4 Among these methods, the viral method using adenovirus-based vectors has demonstrated high transfection efficiencies and was initially considered as the most common method. 5 Besides the viral methods, exogenous macromolecules can be transported into cells by using lipoplex and polyplex-based nanoparticles, which represent a classical approach to chemical transfection. 6 Despite the maturity of both of these methods, they nevertheless pose a number of risks, such as immune responses, unwanted mutagenesis, toxicity, and the possibility of developing cancer. 7 An alternative gene transfection approach, physical methods, presents many advantages to overcome these drawbacks, including relative safety, low toxicity, simple preparation, and the ability to transfect large DNA. 8 Among the physical methods, electroporation is the most well-known and can be applied to various cell types. 9 In electroporation, a high voltage is applied onto target cells to cause a transiently permeable state in the cellular membrane, allowing exogenous molecules (e.g. dye, protein or nucleic acids) to enter the cells. However, electroporation requires bulky and expensive instruments, which limit the practical applications of this method. Furthermore, most conventional electroporation machines are bulky. Therefore, a high voltage is required to generate a critical electrical field for efficient electroporation (hundreds or even thousands of volts). Moreover, the process may easily cause cell damage and unexpected risks in operation. In order to address the shortcomings of traditional transfection techniques, researchers have been exploring microfabricated devices as potential effective means for achieving DNA transfection. [10] [11] [12] In particular, the dielectrophoretic (DEP) approach offers an attractive option for such an application because DEP is a mature technique that employs microfabricated electrodes to create non-uniform electric fields, which generate tunable forces at precise locations (near the electrodes). Cells can be manipulated by the DEP force because cells become polarized within the non-uniform electric fields and can subsequently move toward the electric field a Department of Power Mechanical Engineering, National Tsing Hua University, gradient. 13, 14 In addition to DEP-induced movements, cellular factors, such as the permeability of cell membranes, can also be influenced by the DEP operation. 12 18 Despite these advantages and developments, however, micro-scale electrodes that were used for generating the DEP force required complex photolithography and microfabrication processes that must be performed in specialized cleanroom facilities. 19 These requirements therefore increase the cost and the processing time of the DEP method.
As an alternative to using microfabricated electrodes to generate DEP forces, virtual electrodes realized by illuminating light patterns onto indium-tin-oxide (ITO) glasses coated with photoconductive materials (e.g. amorphous silicon) 20 could also be employed to generate non-uniform electric fields and tunable DEP forces at precise locations. 21 Termed opticallyinduced dielectrophoresis (ODEP), this technique has been used in microfluidic devices that have been applied in cell manipulation, such as cell lysis, separation, and micro-scale flow cytometry for microparticle counting and sorting. 22, 23 ODEP compares favorably to traditional DEP due to its simplicity in device fabrication and its flexibility in using lightactivated virtual microelectrodes. The previous reports on cell manipulation further suggested that ODEP may be a promising method for transfection since fluorescent dyes could be injected into cells. 24 To date, however, ODEP has yet to be applied in single or multiple DNA transfection. In this study, a microfluidic dielectrophoretically-assisted electroporation (DAE) platform was developed, which utilized light-activated virtual microelectrodes to generate transiently permeable cell membranes and to deliver exogenous DNA into tested cells. In this method, cells were loaded into a microfluidic channel using a photoconductive material, in which optical patterns were exposed to the channel so that the cells could experience enhanced electric fields to achieve electroporation of cells. Using this platform, one plasmid transfection and simultaneous co-transfection of three plasmids were simply demonstrated with various types of mammalian cells. Furthermore, similar to the electrode-based DEP systems, where the strength of electric fields can be controlled by many parameters including the applied voltage, the number of electrodes, the geometry of the electrodes, and the electric field orientation, 25 in this study, several geometries of optical graphs were investigated and used as virtual patterns of electrodes to enhance the local strength of the electric fields and hence the DNA transfection efficiency. 
Materials and methods

Materials and reagents
Microfluidic DAE device and experimental setup
The microfluidic DAE device is composed of a three-layer sandwiched structure, as schematically shown in Fig. 1a . A transparent ITO glass substrate was used as the layer of the device, which also functioned as a plane electrode. Two eyelet holes (Ø = 2 mm) were drilled through the top ITO substrate as fluid conduits. The middle fluidic channel layer was fabricated by cutting a rectangular region off a piece of 50 μm-thick double-sided tape (tesa®, Beiersdorf Co., Germany). The bottom layer consisted of an ITO glass substrate that was coated with a 1 μm-thick hydrogenated amorphous silicon (a-Si:H) layer. This amorphous silicon layer is photoconductive; when a light pattern is illuminated onto the a-Si:H layer, the region within the light pattern becomes conductive and essentially becomes a "virtual microelectrode". Therefore, a non-uniform electric field across the channel can be created between the plane ITO electrodes at the top of the device and the virtual microelectrodes at the bottom of the device. Additionally, two polydimethylsiloxane (PDMS) cubes, each cored with an eyelet hole (Ø = 2 mm), were aligned and bonded onto the top side of the top ITO glass substrate after an oxygen plasma treatment and served as inlet and outlet ports. The inlet and outlet ports allow secure and tight insertion of tubes. Liquid samples including sterilized 0.2 M sucrose solution (Sigma-Aldrich Co., USA), purified exogenous DNA plasmids, and tested cells could then be injected into and through the device without leaks. A photograph of the microfluidic DAE chip is shown in Fig. 1b . The experimental setup surrounding the microfluidic DAE chip is illustrated in Fig. 1c . Optical patterns that function as virtual microelectrodes on the bottom layer of the device were drawn in and controlled by using FLASH Professional CS software (Adobe Systems Inc.), which was interfaced with computer 1. The optical patterns were illuminated from a digital projector (PLC-XU106, SANYO Electric Co. Ltd., Japan) through a 10× objective lens (LMPlanFLN, Olympus Co., Japan), reflected 90°by a mirror, and finally focused onto the bottom layer of the chip by a second 10× objective lens. A function generator (GW Instek AFG-215, Good Will Instrument Co., Taiwan) was connected to the top and bottom layers of the device to apply an alternating current (AC) voltage to generate the required electric fields. The microfluidic DAE chip was mounted on an inverted fluorescence microscope (Nikon Eclipse TS100, Nikon Co., Japan) for observation during experiments. The light source (AH2-RX-1, Olympus, Co., Japan) from the microscope was used to adjust the focal length of the light patterns that were projected onto the DAE chip. Fluorescence images were recorded by using a cooled CCD camera (Nikon Dil, Nikon Co., Japan) that was connected to computer 2, and the fluorescence intensity of transfected cells in the images was measured using the built-in analytic software (Nikon NIS Elements Analysis D version 3.2, Nikon Co., Japan).
Cell preparation and DAE experiments
Throughout this study, tested cells were cultured in high glucose DMEM (Dulbecco's modified Eagle medium, Invitrogen Co., USA) or RPMI-1640 culture medium (Sigma-Aldrich Co., USA) supplemented with 10% FBS (fetal bovine serum, Life Technologies Co., USA). To facilitate the DAE experiment, cells were re-suspended in 0.2 M sucrose (Sigma-Aldrich Co., USA) prior to the experiment. 23 Note that the conductivity of the medium is 2.0 μS cm −1 at 25°C. First, the culture medium was discarded from culture dishes, and cells were washed twice with 1× PBS (phosphate buffered saline, Biowest Inc., France). The adherent cells were detached from the dish by using 1 mL of 1× trypsin-EDTA (Biowest Inc., France) at 37°C for 5 minutes and washed twice with 1× PBS by using centrifugation at 1200 rpm for 5 minutes. Then, the cells were washed twice with 0.2 M sucrose at 1200 rpm for 5 minutes and finally suspended in 0.2 M sucrose containing 0.01% BSA (bovine serum albumin, Sigma-Aldrich Co., USA) at 10 7 cells mL −1 .
Purified fluorescent-gene-carrying plasmids (2 μg mL −1 ) were added to the 10 7 cells mL −1 cell suspension, and 10 μL of this mixture was injected from the inlet port into the microfluidic DAE chip. During dielectrophoretically-assisted electroporation experiments, cells were observed using the inverted fluorescence microscope and the cooled CCD camera. After the DAE experiment, all recovered cells were seeded on a culture slide (Millipore Millicell® EZ slide, EMD Millipore co. USA) in the appropriate cell culture medium and grown at 37°C for 48 hours. Cells that grew on the culture slide were observed after 48 hours using fluorescence microscopy, and the fluorescence expressed by the cells was measured and analyzed by using the microscope built-in analysis software. The electrotransfection efficiency was quantified by measuring the number of different fluorescenceexpressing cells. The transfection efficiency of DAE was quantified in whole field (100× magnification) as follows:
total number of fluorescence-expressing cells in dark field d total number of tested cells in light field 100%
(1)
Calculation of the transmembrane potential of tested cells under light-activated electric fields
In light-activated electric fields, the transmembrane potential of tested cells was simulated by using a commercial finite element method (FEM) software (Multiphysics 3.5a, COMSOL AB, Sweden). The transmembrane potential Δφ was calculated by using the following equation:
Note that a represents the cell radius, E represents the strength of the applied electric field, and θ is the angle between the applied electric field and a line normal to the point of interest in the cell membrane. In order to theoretically obtain the transmembrane potential induced by the three different types of optically projected patterns (circular, triangular and rectangular spots), the distribution of the light-activated electric fields within each geometric projection should be first obtained. Numerical solutions of the electric field distribution were solved by using the COMSOL software.
The three-dimensional time-harmonic analysis field for a quasi-static electrical current module was employed to solve Maxwell's equations for the sub-domains of a model of the liquid chamber of the chip in order to obtain the electric field distribution for each type of virtual electrode (the optically projected patterns). The corresponding boundary settings and conditions used in this study are the same as those discussed in our previous work. 27 Furthermore, the applied AC frequency used in the simulation was 100 kHz at a voltage of 13 V pp , which were consistent with the experimental conditions.
Statistical analysis
All statistical analyses were performed using two-tailed Student's t-test, with data presented as mean ± standard deviation.
Overview of dielectrophoretically-assisted electroporation (DAE) operation
In this study, a novel method for DNA transfection using dielectrophoretically-assisted electroporation was developed. This method relies on a microfluidic device that uses light to generate a non-uniform electric field for transfecting cells. More specifically, in this method, cells and DNA plasmids were first injected into the microfluidic device, which was composed of an ITO-glass top layer, a doublesided tape channel layer, and a bottom layer composed of an ITO glass that was covered with a hydrogenated amorphous silicon (a-Si:H, a photoconductive material) film. The injection of cells and plasmids is depicted in Fig. 2a . In Fig. 2b , multiple optical spots, which were drawn and controlled using FLASH Professional CS software (Adobe Systems Inc.) to function as virtual electrodes, were illuminated by a digital projector and projected onto the bottom layer of the device to generate a non-uniform electric field between the top ITO layer and the bottom optical virtual electrodes. The produced non-uniform electric field would cause a potential exchange in the cell membrane (transmembrane potential) and create transient pores in the cell membrane, allowing the entry of exogenous DNA plasmids into nascent cells and thereby achieving dielectrophoretically-assisted electroporation. The optically exposed cells were subsequently collected via syringe suction from the outlet port, as illustrated in Fig. 2c . Finally, as shown in Fig. 2d , the collected cells were cultured in appropriate culture media and observed using light-field and fluorescence microscopy to evaluate the efficiency of DAE transfection.
Results and discussion
Validation of DAE by switching polarity in DEP forces
Hypotonic stress has been well recognized to regulate the degree of expansion of cellular membranes. 28 During electroporation processes, the pores in cellular membranes are transiently created such that some solutes and materials can move into the cell through the cellular membranes, which allow the entry of exogenous molecules and of the extracellular hypotonic buffer into the cytoplasm to maintain cellular homeostasis in a hypotonic environment. Subsequently, the extracellular buffer mixed with cytoplasmic solutes can reduce the intracellular conductivity. In this study, a DEP approach was first employed to validate the dielectrophoretically-assisted electroporation method. This approach leverages the fact that the DEP force experienced by the target cells could influence polarity (e.g. from positive DEP to negative DEP) after electroporation. Since the DEP force is highly dependent on the conductivity of the target cell and the liquid medium, 14 a positive DEP (pDEP) force (attracted to the optical virtual electrode) changed to a negative DEP (nDEP) force (repulsed from the optical virtual electrode) could be observed after the electroporation process.
To demonstrate the DEP force diversification and to validate the ability of dielectrophoretically-assisted electroporation, a human kidney cancer cell line, 293T/17 (293T), was subjected to DEP manipulation before and after DAE-based transfection, as depicted in Fig. 3 . Here, 0.2 M sucrose was employed as the surrounding medium to maintain the suitable conductivity of the medium (2.0 μS cm −1 at 25°C) during dielectrophoretically-assisted electroporation. 29 293T cells were pre-treated using a cell viability kit to stain live cells with green fluorescence for enhanced observation. Cells were then injected into the microfluidic DAE device and observed using light-field microscopy, as shown in Fig. 3a . In darkfield observation, only viable cells expressed green fluorescence, as shown in Fig. 3b . Cells with confirmed viability, as shown in Fig. 3c (a merged image of Fig. 3a and b), were selected for ODEP manipulation and DAE. Consistent with a previous report, 20 293T cells originally experienced a positive ODEP force in the DAE-based microfluidic device. For example, as illustrated in Fig. 3d , a 293T cell was attracted to the light spot that functioned as a virtual electrode at 13 V pp and 100 kHz. Subsequently, Fig. 3e shows that the attracted cell Fig. 3 The DEP force switch is observed during dielectrophoretically-assisted electroporation (DAE). The live 293T cell is indicated in (a)-(c). The 293T cell is attracted by a positive DEP force that is close to optical spots (d)-(e). The exposed 293T is then controlled by a negative DEP force to repel the optical spots (f)-(h). During the process of DAE, the exposed 293T fibroblast cell is demonstrated to assist in cellular transmembrane potential exchange for enlarged cellular membranes and a condensed cytoplasm (i).
was subjected to the optically-assisted electroporation at 13 V pp and 100 kHz for 15 s. During this period of optical exposure, the intracellular conductivity was lowered due to the in-flow of extracellular buffer; a negative ODEP response was therefore observed after the exposure. Fig. 3g and h illustrate the repulsion of the optically exposed cell, as the moving light-activated virtual microelectrode continued to push the cell away. Finally, as indicated by the inset images in Fig. 3i , when compared to an unexposed cell, the light-exposed cell appeared to have an enlarged cell membrane and a condensed cytoplasm, which suggested the occurrence of cell membrane turgor exchange and mixing of extracellular buffer with cytoplasmic solutes. The apparent change in DEP force in the optical patternexposed cell provides additional evidence for the non-uniform electric fields generated by light-activated virtual microelectrodes in the developed microfluidic DAE device.
DAE-based transfection with plasmid DNA
As a model system used to demonstrate the effectiveness of the microfluidic DAE device in gene transfection, a pEGFPC-1 (pGFP) vector that expresses green fluorescent protein was employed to transfect 293T cells using the developed device.
Here, 293T cells and pGFP vectors were first loaded into the device. The cells were then optically electroporated at 13 V pp and 100 kHz for 15 s, retrieved from the device, cultured, and finally observed using fluorescence microscopy. Microscopic images shown in Fig. 4a to c indicate that after culturing, successfully transfected cells indeed expressed green fluorescence. Dielectrophoretically-assisted electroporation was achieved by exposing the 293T cells to an array of triangular optical virtual electrodes under previously optimized voltage conditions (Fig. 4) . 30 Specifically, the light-field microscopic image in Fig. 4a shows that DAE transfection was a gentle process because the optically-exposed cells were successfully cultured. Fig. 4b shows, using fluorescence microscopy, that a portion of those cells express green fluorescence, which indicates successful electrotransfection. As a negative control, the 293T cells and pGFP vectors that were loaded into the device but did not undergo optical exposure failed to express green fluorescence and thus verified the effects of optically-assisted electrotransfection. Fig. 4c is a merged image of Fig. 4a and b that better illustrates the ratio of transfected cells to the entire cell population. Transfected cells and the entire cell population were further counted to determine the transfection efficiency, which Fig. 4 The fluorescence carrying plasmid is delivered into 293T cells by dielectrophoretically-assisted electrotransfection (DAE). The 293T cell and 2 μg of pGFP DNA are exposed to multiple optical spots for electrotransfection in a microfluidic DAE chip. The exposed cell is observed in light field after 48 h of culture (a) and a green fluorescence carrying cell is observed in dark field (b). The merged photo indicates the pGFP transfected cell in the observation region (c). The triple plasmid DNA is synchronously transfected into the 293T cell. The tested cell is exposed to multiple optical spots in electrotransfection processes (d). The exposed cell is recovered, cultured and observed after 48 hours using microscopy (e). The green (f), red (g) and blue (h) fluorescence indicated that the pGFP, pDsRed and pECF plasmids could be successfully transfected into cells, respectively. The merged photo indicates that the triple plasmid DNA was co-expressed as whitish or yellowish fluorescence in one cell (i). The triple fluorescence carrying plasmids could be transfected into various types of cells, including mouse bone marrow stromal cells (M2-10B4), human pancreatic cancer cells (BxCP-3), colon cancer cells (HCT-8) and liver cancer cells (HepG2), using dielectrophoretically-assisted electrotransfection (j).
was defined as the ratio of the fluorescent cells to the entire cell population. In addition to optimizing the voltage and the frequency, the DAE transfection efficiency was also optimized based on the exposure time. In this study, the light intensity of green, red and blue fluorescence was measured using a power meter (NOVA II, OPHIR Co., USA). The strongest intensity of the exposure was measured to be 0.29 mW at 488 nm in this experiment. Exposure times of 5, 10, 15, and 20 s were selected to determine the optimal transfection efficiency. The DAE transfection efficiency for pGFP vectors in 293T cells is listed in Table 1 . The maximum efficiency of DNA transfection was measured to be as high as 6.01% when 15 s of exposure time was applied (13 V pp and 100 kHz). When cells were exposed for 20 s, the transfection efficiency decreased to 2.70%. This decrease suggested possible cell membrane damage or death due to overexposure. According to the results of statistical calculations, the 15 s exposure to treatment has a significant difference from other treatments.
In addition to single DNA transfection, microfluidic DAE transfection is also a generalizable approach as it is able to transfect multiple DNA plasmids into multiple types of cells and even achieve simultaneous co-transfection of three DNA plasmids. Three plasmids -pGFP, pDsRed-express-1 (pDsRed), and pECFP-H2B (pECP) that respectively carry the green, red, and blue fluorescence genes -were loaded along with 293T cells into the microfluidic DAE device and transfected.
After culturing, successful transfection of these plasmids was verified as the cells expressed green (Fig. 4f), red (Fig. 4g) , and blue (Fig. 4h) fluorescence. More importantly, simultaneous co-transfection of these three plasmids was also observed, as illustrated in Fig. 4i . In this figure, which is the merged image of the three fluorescence images (Fig. 4f through h ) and the image under light-field observation, co-transfection of the three plasmids was represented by cells that displayed a milky white color arising from overlaying of the three fluorescence colors. Importantly, this is the first report in which multiple DNA plasmids can be simultaneously co-transfected by using lightactivated virtual microelectrodes in a dielectrophoreticallyassisted electrotransfection platform.
Simultaneous co-transfection of the green, red, and blue fluorescent plasmids using the microfluidic DAE approach was further demonstrated with four other types of mammalian cells, including human pancreatic cancer cells (BxPC-3), liver cancer cells (HepG2), colon cancer cells (HCT-8) and mouse bone marrow stromal cells (M2-104B). Successful transfection results for all four types of cells are illustrated in Fig. 4j . The microfluidic DAE method presented in the current work is thus demonstrated to be a promising approach to co-transfection of plasmid-carrying genes.
The effect of optical graph shapes on DAE transfection efficiency
The shapes of microelectrodes have significant effects on the capacity of DEP force to manipulate biological particles. 31 In the dielectrophoretically-assisted electrotransfection experiments, a localized enhanced electric field was generated by virtual microelectrodes from optical images illuminated on the a-Si:H layer. Therefore, different multiple illuminated graphs, such as circles, triangles and squares, were considered to measure the transfection efficiency using single or triple plasmids.
Note that the transfection efficiency of large DNA plasmids is lower than that of smaller DNA plasmids. 32 However, the sizes of the fluorescence carrying plasmids pECFP, pGFP and pDsReD are 4.1, 4.7 and 4.1 kp, respectively. Therefore, no significant effect on the transfection efficiency among these plasmids was observed in this study. Whether transfected with single or triple plasmids, the illuminated triangle graph had higher transfection efficiency than the others. Table 2 shows that the transfection efficiency of single or triple plasmids in optical triangle graphs was 4.19 and 2.24%, respectively. However, the transfection efficiency of circle or square graphs was significantly reduced. Compared with the triangle graph, the transfection efficiencies of circle and square graphs were reduced to 1.05 and 1.99% for single plasmid transfection. For triple plasmid transfection, the efficiency also decreased. The results indicated that the triangle graph triggered a stronger transmembrane potential and improved the DAE transfection efficiency. The COMSOL software was used to simulate the strength of electric fields obtained by different optical graphs. Fig. 5 shows the simulated results of the electric field magnitudes (in the x-y plane, i.e., the chip's surface) for the three different types of optically projected patterns. Fig. 5a to c present the different multiple optical images as circle, triangle and square, respectively. Fig. 5d to f show the diameter of a single image and the distance between two optical images. These simulation results show that, compared with the other two types of optically projected patterns, the multitriangle patterns could induce the highest electric field magnitude. Correspondingly, the optically-induced transmembrane potential using the triangular patterns could be also the highest. For the results shown in Fig. 5g to i, the following parameters were used: the liquid conductivity was 1.65 × 10 −3 S m −1 , the dark conductivity of a-Si:H was 1 × 10 −11 S m −1 , and the photoconductivity was 4 × 10 −5 S m −1 (these values were measured experimentally). Moreover, the relative dielectric constants of the medium and the a-Si:H are assumed to be 78 and 11, respectively. 27 The simulated results were found to be consistent with previous experimental data ( Table 2) , in which optical triangle graphs caused the maximum induced transmembrane potential (0.570 V). The transmembrane potentials for circle and square graphs were only 0.174 V and 0.177 V, respectively. Compared with the triangle graph, the transmembrane potentials of the circle and square graphs were reduced by approximately 69%. According to the simulation results, the optical patterns illuminated on top of virtual electrodes play an important role that affects the strength of the localized electric field. When the exterior angle of the optical pattern was increased, the induced electric field became stronger accordingly. The transfection efficiency of pGFP in 293T cells was reported to be 18-30%, depending on the applied voltage and the driving frequency, by using conventional electroporators. 33 In this study, the transfection efficiency of the dielectrophoretically-assisted electroporation platform was inferior to those using large-scale electroporators. 34 It is speculated to be caused by the following reasons. First, the tested cells, which were loaded in the microchannel, might be electroporated for multiple exposure times by using the light-activated DAE platform. Currently, such an exposure process still needs manual operation to remove the chip such that the optical graph may cover the entire channel in the developed microfluidic device. The low transfection efficiency may be caused by the artificial error for un-equal exposure probability with all tested cells. Second, the relatively poor recovery rate of the developed microfluidic DAE device could cause the sampling error. Much effort is currently being exerted to improve the transfection efficiency of the developed DAE platform. For instance, the continuous central flow with neighbouring sheath flows may be used to pre-focus the tested cells within a narrower channel such that more precise exposure times in a fixed light-activated virtual electric field may be provided. With this approach, the electroporation efficiency may be increased significantly. Furthermore, the PDMSbased microchannel may be integrated into the DAE-based microfluidic system to increase the recovery rate of tested cells with less human intervention.
Conclusions
Toward achieving safe and user-friendly gene transfection that is also gentle to the cells and simple to operate, a microfluidic DAE method was developed in this study. The newly developed microfluidic DAE platform only requires a low sample volume (20 μL) and a low voltage (13 V pp ) for gene transfection. Importantly, up to three plasmids can be delivered into live cells at the same time by using this platform. This is the first demonstration of co-transfection of three plasmids by using DAE. Moreover, transfection was successfully demonstrated in four types of cells. The results suggest that the microfluidic DAE platform reported in this work is a general method that may become a simple tool for gene transfection. Furthermore, one of the important factors for DAE, the optical pattern, was investigated in this study to optimize the gene transfection efficiency. According to the results of transfection efficiency and the numerical simulations of the electric field, the triangular optical pattern demonstrated the strongest electric strength and hence the highest transfection efficiency.
Although the developed microfluidic DAE device exhibited a relatively low transfection efficiency, the light-activated electric fields could be also used to precisely manipulate the tested cells for further applications in biomedicine. For example, successful transfection of genes into mouse bone marrow cells, which are commonly used in induced pluripotent stem cells (iPS) research, may open the door for iPS research. The developed system can be further used for single-cell gene transfection. If the optical pattern is illuminated on a single cell, then the neighboring cells are not electrotransfected. The ability to selectively deliver nucleic acids into cells could find more applications in genetic research, including gene recombination, stem cell and cancer research, and gene therapy.
